Abstract on a given medium only if it expresses the transporter of interest introduced by transformation with a cDNA lib-
Introduction
Arabidopsis thaliana (L.) Heynh cDNA library on medium Since the first reported cloning of plant transporter genes containing radiolabelled proline. by functional complementation of yeast (Anderson et al., 1992; Riesmeier et al., 1992) , the method has been widely Materials and methods applied to isolate transport proteins from plants (for reviews see Rentsch et al., 1998; Tanner and Caspari, Strains and plasmids 1996) . Cloning of transporters by functional compleThe yeast strain used was S. cerevisiae 22574d (Mataura3-1 gap1-1 put4-1 uga4-1; Jauniaux and Grenson, 1990) . Plasmids mentation requires a yeast strain which is able to grow 1 Ute Wittstock and Sixue Chen contributed equally to the study. 2 To whom correspondence should be addressed. Fax: +45 3528 3333. E-mail: halkier@biobase.dk used were pFL61 (Minet et al., 1992) and pFL61 carrying the whether the accumulation of -[ U-14C ]proline or its AAP1 cDNA under the control of the PGK promoter (Frommer metabolites can be monitored in yeast colonies, the et al., 1993) . plasmid pFL61 carrying the AAP1 cDNA was transformed (Frommer et al., 1993; Minet et al., 1992) 
into
Colony lifts and detection 22574d and transformants were plated on SD medium Yeast colonies were transferred to nylon membranes (Boehringer supplemented with -[U-14C ]proline. Colonies were Mannheim) after 2 d growth at 28°C on medium supplemented with 0.25 mCi ml−1 -[U-14C ]proline by placing a membrane transferred to nylon membranes and analysed for accumuonto a plate for 2 min (first lift), 5 min (second lift) and 30 min lation of radioactivity (Fig. 1) . Colonies containing the (third lift), respectively. For quantification of the amount of AAP1 cDNA appeared as distinct spots on autoradiogradioactivity accumulated by the colonies, 0.2 ml of standard rams of the three nylon membrane lifts prepared. Control dilutions of -[U-14C ]proline were applied to nylon membranes. colonies containing empty vector were barely detectable The membranes were dried for 2 h at room temperature and analysed by STORM 840 phosphor imager (Molecular ( Fig. 1) . Quantification of the signals shows that the Dynamics, USA) after 18 h exposure to a 14C-sensitive screen.
transfer of colonies to the nylon membranes is most efficient for the first membrane lift. From the total amount Expression screening of radioactivity detected on the nylon membranes of all Strain 22574d was transformed with a cDNA library made three colony lifts, it is estimated that colonies harbouring from A. thaliana seedlings in pFL61 (Minet et al., 1992) .
AAP1 accumulate ten times more radioactivity than colTransformants were selected on SD drop-out medium (Ausubel onies harbouring empty vector ( Fig. 1) . et al., 1999; amino acid composition: arg, asp, his, ile, leu, lys, met, phe, thr, trp, tyr) and washed from the plates after 48 h
The applicability of the method for cloning of transincubation at 28°C. A total of 60 000 cfu was replated with a porter proteins was investigated in yeast strain 22574d density of 10 000 cfu per plate on 9 cm plates of SD drop-out transformed with an A. thaliana expression library in medium supplemented with 0.25 mCi ml−1 -[U-14C ]proline vector pFL61 (Minet et al., 1992) . Transformants were isolated by a secondary screening. Single radiolabelled DNA manipulations colonies harbouring plasmids with inserts bigger than Yeast plasmid DNA was prepared as described previously 1000 bp were analysed further. Plasmids of six radiolabel- (Robzyk and Kassir, 1992) . Sequencing was performed on an led colonies were reintroduced into 22574d, and uptake ALF-Express (Pharmacia) using Thermo Sequence Fluorescentmeasurements in retransformed 22574d were used to labelled Primer cycle sequencing kit discriminate between true and false positives (Table 1) ( Table 1 ). Sequence analysis showed that these plasmids buffer (50 mM MES/TRIS pH 4.5). Uptake of -[ U-14C ]proline carried inserts with similarity to plasma membrane was measured (according to Smith et al., 1995) with 113 mM -intrinsic proteins, photosystem II oxygen-evolving comproline (24.8 mCi mmol−1, Amersham) and an incubation time of 15 min.
plex protein and catalase.
Discussion Results
The Saccharomyces cerevisiae strain 22574d carries Cloning of transporter proteins by functional complementation in yeast is based on the principle that yeast mutations in the general amino acid, proline and c-aminobutyric acid permease genes. It is unable to grow growth can be made dependent on the uptake of the substrate of the transporter of interest. Several prereon medium containing proline as the sole nitrogen source due to the lack of low-and high-affinity proline uptake quisites must be fulfilled to achieve a sufficient complementation system: (1) the yeast strain must not have a systems (Jauniaux et al., 1987; Jauniaux and Grenson, 1990 ). AAP1, a broad specificity amino acid permease functional uptake system for the substrate of the transporter to be cloned; (2) the yeast must not be able to from A. thaliana (Frommer et al., 1993) , is able to restore growth of the yeast mutant on proline medium. To test extracellularly metabolize the substrate into compounds which can be taken up; (3) the yeast must be able to Using the mutant yeast strain 22574d in combination with either a plasmid containing the AAP1 cDNA or an metabolize the substrate intracellularly and to use the substrate or its hydrolysis products as nutrient; and (4) A. thaliana cDNA library we have demonstrated that 22574d colonies harbouring AAP1 can be detected by the substrate and its hydrolysis products must not be toxic for the yeast. Prerequisite (3) may be difficult to directly monitoring the accumulation of radiolabelled proline. A non-exhaustive screening of 60 000 cfu of the fulfil as many transporter substrates, for example, plantspecific natural products may not be metabolized by
A. thaliana expression library by this method resulted in the isolation of two colonies harbouring AAP1. As AAP1 yeast. If such a substrate is transported into the cell, it may be recognized as a xenobiotic and stored in the was the first amino acid transporter isolated from this library by complementation of yeast ( Frommer et al., vacuole without promoting yeast growth (Rea et al., 1998) . Alternatively, the yeast can be genetically engine-1993) , this shows that the efficiency of the uptake-based screening method described here is comparable to the ered to metabolize the substrate taken up as done for cloning of the spinach sucrose transporter (Riesmeier efficiency of yeast complementation. Besides its general applicability, the method makes it possible to use yeast et al., 1992) . This requires, however, that the metabolizing enzymes have been cloned and that they can be expressed expression screening for cloning of transporters with substrates which are not metabolized by yeast. in yeast. As an example, it has been attempted to clone a transporter of the natural products glucosinolates which As in yeast complementation, the prerequisites for the uptake-based strategy are that the given yeast strain does are thiohydroximate-N-sulphates containing a thioglucose moiety by functional complementation using glucosinolnot have an uptake system for the substrate of the transporter of interest, that the yeast is not able to ates as S-source. It was found that yeast is not able to metabolize glucosinolates (S Chen and U Wittstock, extracellularly metabolize the substrate into compounds which can be taken up, and that the substrate is not toxic unpublished results). Genetic engineering of yeast with either sulphatase or thioglucosidase activity was unsucfor yeast. Additional prerequisites are that labelled substrate of adequate specific activity is available and that cessful. Several sulphatases of bacterial origin were active towards synthetic substrates, but not towards glucosinolthe transport activity is high enough to enable intracellular accumulation of detectable amounts of substrate. ates, and the sulphatase from Helix pomatia which is known to hydrolyse glucosinolates could not be functionAlthough AAP1 expressed in yeast has high affinity for proline, 15 other proteogenic amino acids compete with ally expressed in yeast ( Wittstock et al., 2000) . Functional expression of a plant thioglucosidase inhibited yeast proline for uptake by AAP1, a number of them with high efficiency ( Frommer et al., 1993; Fischer et al., 1995) . As growth (Chen and Halkier, 1999) . Thus it appears that cloning of a glucosinolate transporter by functional comthe SD medium used in this study contained an amino acid drop-out mixture, non-labelled amino acids and -plementation of yeast is not feasible.
To circumvent this problem, a new method for expres-[ U-14C ]proline have competed for uptake by AAP1. Accordingly, it can be expected that transport activity sion cloning of transporter proteins in yeast has been developed. The method is based on the detection of approximately 10-fold lower than the transport activity of AAP1 can be detected by this method if competitors intracellularly accumulated transporter substrate. In the current study, a radiolabelled substrate has been used, are absent. Extracellular metabolism of the substrate due to secrebut other labelling principles such as fluorescence labelling might be applied. In addition, the substrate may be ions.
tion of endogenous yeast enzymes lowers the efficiency of used as a selection criterion in expression cloning of 16315-16320. transporters in Escherichia coli ( Krause et al., 1985) and et al., 1985) . This limits the applicability co-transporter. Nature 330, 379-380. of the method to cloning of high abundant cDNAs. 
